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IMPROVEMENT OF DYNAMIC SOIL PROPERTIES INDUCED BY PRELOADING
VERIFIED BY A FIELD TEST AND EMBANKMENT FAILURE
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ABSTRACT

ALTEA & Geostudio 2000,

A. Small
ITM Limited
East Sussex , UK

G. Vatselas
GeoSTAND Co
Athens, Greece

The results of an elaborate field preloading study on a liquefaction-susceptible site are presented. Preloading was applied by a
temporary embankment 9m high. Prior and after preloading, borings with standard penetration tests, cone penetration tests and
geophysical studies were performed. During the process of embankment construction and demolition, settlements, excess pore
pressures and vertical and horizontal stresses were recorded versus time at different locations. A partial embankment failure occurred
during the preloading process. A method predicting failure during the construction of the preload embankment based on excess pore

pressure measurements is proposed and verified.

INTRODUCTION

Preloading is a temporary loading, usually a soil embankment,
applied at approximately level ground to improve subsurface
soils by densification and increasing lateral stress (Alonso et
al., 2000, Al-Shamrani and Dhowian, 1997, Stamatopoulos
and Kotzias, 1885, Petridis et al, 2000). The method is
frequently used to improve poor soil conditions and sustain
large static loads. Many cases have been reported where the
effectiveness of preloading has been demonstrated
(Stamatopoulos and Kotzias, 1885, Petridis et al, 2000): For a
height of the temporary soil embankment between about 7-
13m, preloading-induced settlement of the order of tens of
centimeters, that illustrates soil densification, was measured.
In addition, construction after preloading was successful in
terms of static settlements. Furthermore, the blow count
measured with the Standard Penetration Test, SPT, versus
depth was measured in some sites both before and after soil
improvement, illustrating the improvement.

Most applications of preloading in the field include
measurements of settlement at some locations during the
preloading process and geotechnical investigations after
preloading to verify soil improvement, without studying the
effect of preloading on dynamic soil properties. The
liquefaction cyclic strength is a critical soil parameter because
it determines whether a site will liquefy under a design
earthquake. Liquefaction is not allowed in building codes
(European Standard, 2003). As a result of the difficulty of
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undisturbed sampling of sandy soils, the in-situ liquefaction
cyclic strength is mainly estimated by field tests: the Standard
Penetration Tests, SPT, the Cone Penetration Tests, CPT) and
the shear wave velocity, Vs (Boulanger and Idriss, 2006,
European Prestandard, 1994, European Standard, 2003, Idriss
and Boulanger, 2004, Ishihara, 1993, Seed and De Alba,
1986). The effect of preloading on the cyclic liquefaction
strength has been studied and demonstrated in the laboratory
by performing cyclic triaxial and shear tests on reconstituted
samples and empirical expressions predicting this increase
have been proposed (Stamatopoulos et al., 2012,
Stamatopoulos and Stamatopoulos, 2007). In addition, to the
liquefaction cyclic strength, the shear wave velocity is a
critical dynamic soil property. It determines the dynamic
response of soils (Schnabel et al, 1972, Kramer, 1996). The
effect of the void ratio, the confining stress and the stress
history on the shear wave velocity has been studied in the
laboratory by performing cyclic laboratory tests and empirical
expressions predicting this increase have been proposed
(Hardin, 1978, Kramer, 1996).

A field test with extensive measurements is the most efficient
method to investigate the effect of preloading in changing the
dynamic properties and increasing the cyclic liquefaction
strength of soils in-situ. The reason is that field tests can
illustrate (a) the improvement in the field, not only in terms of
the in-situ soils and preloading characteristics, but also in



terms of measured in-situ changes in horizontal stress and void
ratio, (b) the ability of predictive methods to predict the
measured response and improvement, and (c) manner and rate
that preloading should be applied in the field.

Only one field study where the increase in dynamic soil
properties and quantities affecting them was found in the
literature (Stamatopoulos et al., 2005, Raptakis, 2012): The
preload embankment was 9m high. Soil resistance was
measured before and after preloading in the field by Standard
Penetration Tests and Cone Penetration Tests (CPT). The
shear wave velocity resistance (Vs) was also measured before
and after preloading in the field. The increase in horizontal
stress caused by preloading was also measured
(Stamatopoulos et al., 2005). This is important as increases in
confining (octahedral) stress can be associated with increased
liquefaction resistance (Ishihara and Takatsu, 1979). However,
the site up to 10m depth consisted mainly of clay soil, and thus
was not liquefaction-susceptible. Thus the measured increases
in the N value of the SPT, the qc value of the CPT, the Vs and
horizontal stress could not be associated with increases in
liquefaction resistance. Furthermore, the vertical strain versus
depth was not measured. This is a critical measurement,
because it can correlate the change in dynamic properties of
soil layers with the change in void ratio.

According to the above, a complete field test on a
liquefaction-susceptible site with data of (a) the SPT and CPT
strength and Vs versus depth before and after preloading and
(b) changes in the horizontal stress and void ratio of the soil as
a result of preloading does not exist in the literature and is
needed to assess the effect of preloading in the dynamic soil
properties and liquefaction risk and the ability of methods to
predict this effect. Such a field test was performed recently
during a project funded by the European Union.

Below, the field test performed and the measured change in
dynamic and other soil properties is described. Then, a method
predicting the risk of failure during construction of a preload
embankment is given and evaluated based on the field test
partial failure during construction.

THE FIELD TEST

Site

The site for the field test was in Porto Romano, 10km North of
Durress in the Albanian coast (Fig. 1). The site was rented and
four borings to 15m depth each with sampling and Standard
Penetration Tests (SPT) every meter were performed to verify
that the site is suitable for the purpose of the present research:
(a) Poor soil conditions, (b) predominately sand or silt with
Plasticity Index less than 10%, (c) shallow ground water. Then
four soil additional borings S5m depth each with sampling and
Standard Penetration Tests (SPT) every meter were performed
at locations corresponding to distances less than 6.5m from the
centre of the embankment to be built. Piezometers were
installed in two borings to measure the elevation of the water
table. A standard laboratory testing program including
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classification, compressibility and strength tests was also
performed. In addition, three Cone Penetration Tests (CPT)
soundings to 15 m depth each, and down-hole surveys for
measuring the shear wave velocity (Vs) were performed. Fig.
2a gives the initial and maximum past vertical effective stress
versus depth, estimated from oedometer tests. Fig. 3 gives the
average (i) N value measured in the SPT, (ii)) qc value
measured in the CPT and Vs measurements versus depth.
Table 1 gives the soil layers that exist in the site and their
average plasticity index and fines content based on
classification tests, as well as their compressibility estimated
from oedometer tests. Average water table line was measured
at depth 1m. Table 2 gives the average measured N gpr , qc
and Vs in all in-situ soil layers of table 1

Instrumentation

The following instruments were placed at the location of the
field test, prior to construction of the preload embankment and
worked properly: (a). Vertical pressure cells were installed just
below the ground surface and at three locations that
corresponded to different points from the centre to the edge of
the embankment to be built. Figs 4 and 6 give the detailed
locations of these instruments. (b) Horizontal pressure cells
were placed at 5 locations that corresponded to distances 6.5
and 16.5m from the centre of the embankment and at depths of
approximately 3, 6 and 12m. They were directed in a manner
to estimate the radial horizontal stress. Figs. 4 and 6 give the
detailed locations of these instruments. (c) In each horizontal
cell location, pore pressure transducers were also installed in
order to measure the excess pore pressure, and from the
horizontal stress and excess pore pressure to extract the
effective horizontal stress. Other pore pressure transducers
were also installed at depths of approximately 3, 6 and 12m.
Figs. 4 and 6 give the detailed locations of these instruments.
(d) A horizontal Inclinometer was installed in level ground,
along a radius of the embankment-to-be-constructed to
measure the ground settlement versus time and horizontal
location from the centerline of the conical embankment. (e).
A magnetic extensiometer was installed very near the center of
the base of the embankment-to-be-constructed to measure the
ground displacement versus time and depth. In particular, the
magnetic  extensiometer  measures the  incremental
displacement at 2m increments at depths 0 to 20m. (f)
Settlement plates were placed near ground level at different
locations of the embankment base to measure the settlement
by topographic means, to verify the settlement measured by
the other means. In particular, the five settlement plates were
placed at locations that corresponded to different points from
the centre to the edge of the embankment, in two vertical to
each other directions. Fig. 4 gives the detailed locations of
these instruments. The measurements of all the above
instruments, except from the settlement plates, were taken
electronically. All theses instruments were connected to a data
logging system.

Embankment construction and demolition
A 50m diameter fill, 9m high and 13 m diameter at the crest
truncated-cone-shaped preload earth fill was constructed . A



ramp was also constructed in order to perform construction.
Construction started on 6/6/2011. This date corresponds to day
0 in all the graphs and days given below. The soil used to
construct the embankment was sandy. Compaction of the layer
was performed with a vibrator. Field density tests were
performed to verify compaction and illustrate that the unit
density of the soil was 2.03t/m3.

During the placement of the preload embankment, a slide
occurred, presumably due to excess rate of construction on
24/6/2011 (day 18). Figs. 1b give representative photographs
at the top and base of the embankment respectively. Figs. 4b
give a schematic illustration and a topographic imprint of the
failure. Fortunately, the instruments were not damaged during
the slide, as they were located in regions not affected by the
slide. In addition, this slide provided interesting data regarding
the correct rate of construction of preloading embankments
when a soft clay layer exists on shallow depths.

After the slide, part of the embankment was demolished and
reconstructed. Construction continued at a considerably slower
rate. Construction terminated, after reaching an embankment
height of 9m from ground level after settlement, that
corresponds to 8.54m above unsettled ground level, on
10/8/2011, or day 66. Fig. 1c gives a photograph of the
embankment at top height. Fig. 4c gives a cross-section of the
embankment at top height. The location of some instruments
is also given in the figure. The embankment stayed until
10/10/11, or 126 days after the start of construction, or 60 days
after construction. Then, the rate of settlement was very small,
less than 0.001m/day. The embankment was removed in 11
days. Fig.5 gives the height of the embankment and the
corresponding construction rate, both versus the days from the
start of construction.

Instrument measurements and discussion

Fig. 6a gives the measured vertical stress induced by the
preload embankment, both in terms of time and location. It
can be observed that its change in terms of time follows the
change in embankment height in terms of time. Table 3 gives
the measured maximum vertical stress versus distance from
the center of the cone.

Regarding settlement measurements, it was first observed that
settlement measurements of all devices (horizontal
inclinometer, magnetic extensiometer, settlement plates) were
consistent with each other. Fig. 6b gives the settlement versus
time in terms of location measured by the inclinometer. Fig.
2c¢ gives the measured maximum and final settlement versus
distance from the center of the cone. Table 4 gives the
measured maximum and final settlement in terms of the
distance from the centerline. Fig. 2b gives the variation of
vertical strain with depth.

In the field test, ground settlement was large, about 0.6m,
illustrating the considerable level of densification, or ground
improvement. Regarding the variation of vertical strain with
depth it can be observed that the vertical strain is maximum at
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the location that the soft clay layer (0-3.7m) and equals 10%.
This is reasonable, as this layer (i) is near the surface and thus
receives larger vertical stress from the preload embankment,
(i1) is not preloaded and (iii) and has a large coefficient of
compressibility, larger than the other layers that are sandy or
silty. It should be noted that at the depths 1 to 1.5m the
vertical strain is less, presumably because the soft clay
material was replaced by the sandy soil from the preload
embankment at these depths due to the settlement of the
embankment and the slide that occurred during construction
described above. At depth below 3.7m the vertical strain is
reduced to about 1%.

The measured magnitude of settlement and the variation of
settlement with the distance from the centreline were similar
to previous preload applications (Stamatopoulos et al., 2005,
Stamatopoulos and Kotzias, 1985). The time required for the
soil to settle is also a critical factor in applications of
preloading. The reason is delays in construction are sometimes
very important for the project owner. The study illustrated that
the preload procedure, including the generation of the ground
settlement (i.e. the settlement rate to decrease to values less
than 0.001m/day) occurred rather quickly, less than five
months after the start of preload construction, even though a
clay layer of 3.7m width existed in the ground surface. This is
similar with observations of previous field tests in sites
containing a considerable amount of sandy material
(Stamatopoulos and Kotzias, 1885, Petridis et al, 2000,
Stamatopoulos et al., 2005).

Fig. 6¢ gives the pore pressure both in terms of time and
location measured by the pore pressure transducers. It can be
observed that significant excess pore pressures occur only in
devices at depths 2.5-3.2m. In devices in depths 5.9-11.7m
excess pore pressures are very small. This is consistent with
the soil layers at the site, as, according to table 1, only until a
depth of 3.7m clayey soil exists. The other devices are in
sandy or silty material, and thus consolidation occurs almost
instantaneously and considerable excess pore pressures are not
generated. Furthermore, at depths 2.5-3.2m it can be observed
that the maximum excess pore pressures occurred when the
rate of embankment construction was maximum, and more
specifically just prior to the failure of the embankment. This
explains failure, as described in detail below.

Due to disturbance as a result of instrument placement, the
initial measurement of horizontal stress is not reliable. Thus,
only the measured change of horizontal stress due to
embankment construction and demolition is considered. Fig.
6d gives the measured change in effective horizontal stress in
terms of time and device. It can be observed that the measured
response of horizontal stress follows that of load application:
When loading is applied, the increase in horizontal stress is
almost immediate and follows that of the curve of load
application. During constant load application, horizontal stress
did not change considerably. When load was removed, the
response was similarly quick to load removal, and a reduction
in the horizontal stress was observed in most cells. After



removal of the surcharge, some horizontal stress remained and
stayed more or less constant with time. Table 5 gives the
measured maximum and final increase in horizontal stress due
to embankment construction, Ach-max and Ach-res versus
depth and distances 6.5 and 16.5m from the centerline. The
measurements indicate that the increase in lateral stress ratio
as a result of the preloading process varies between 0.9 and
0.1. The large value corresponds to depths 0-3.7m, while the
small values correspond to larger depths where the OCR value
induced by the surcharge was smaller.

Post-Improvement geotechnical investigations

After the performance of the field test identical to the pre-
improvement field investigations were performed in order to
investigate the post-improvement soil properties. Post-
improvement geotechnical investigations were performed at a
distance less than 2m from the corresponding locations of pre-
improvement geotechnical investigations. Fig. 3 gives the
average after soil improvement N value of the SPT, qc value
of the CPT and Vs measurements versus depth. It can be
observed that in almost all SPT, CPT, Vs separate locations
versus depth, post-improvement values are larger than the
corresponding pre-improvement values. Table 2 gives the
average measured N gpr , qc and Vs before and after soil
improvement in all in-situ soil layers of table 1 and the
corresponding ratio of increase. It can be observed that the
maximum increase occurs at the upper soft layer. This is
presumably a result of the maximum OCR value induced by
preloading, in combination with minimum initial strength at
this layer.

Increase in dynamic soil properties
Based on the pre- and post- improvement shear wave velocity

versus depth given in Fig. 3, table 2 gives the measured
increase in shear wave velocity per soil layer. It can be
observed that the shear wave velocity increased from a factor
of about 2 to a factor of about 1.1. The large value
corresponds to depths 0-3.7m where soft clay exists, while the
small values correspond to larger depths and denser layers.

Under earthquakes, the lnwer twn lavere of tahla 1 are
susceptible to liquefacti
considerable plasticity,
liquefaction. For the sil
CPT resistance the liq
using the state-of-the-a
Boulanger (2004). Bas
European Prestandard (1
layer, the liquefaction ¢
the SPT, according to
(2006). Table 7 gives
measurement used, for
cyclic liquefaction stren
7m increased from 0.39-
addition the cyclic liqu
layer at depth 7-15m ind
13%. It can be observe
produce similar results.
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consistent with the non-homogeneous characteristics of soils
and the different methods applied.
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Table 1. Soil layers that exist in the site and their properties
based on the geotechnical investigations and relevant laboratory

Table 5. Increase of horizontal total stress due to the surcharge

tests. Location of Measured
Layer depth 0- 3.5-7Tm 7m-15m measurement
3.5m No | d:m Ir: AGh.max-m | ACh-res-
Layer Silty Medium Gravel Fine Sand m kPa m
description Clay with silty sand and Silt kPa
PI 30% <5% <5% (a) (b)
Fines content 77 15 95 1 11.6 16.5 32 15
Cc 0.52 0.05 0.06 2 6.40 6.5 70 30
Cr 0.02 0.01 0.02 3 585 | 16.5 40 9
Initial void 1.40 0.64 4 3.25 6.5 85 18
ratio 0.58 5 2.50 | 16.5 50 14
Total Density 1.66 2.07 ) . . .
[t/m’] 202 Table 6. Measureq and predicted increase of liquefaction
Friction angle 28 39 25 cyclic strength by preloading
(for c=0) Depth
3.7-7Tm 7-15m
Table 2. Average measured Ngpr ,qc-CPT and Vs before and SRis e l:cspépT 82(2) 0.38
after soil improvemen.t Vs ip terms of soil layer and Vs O. 39 :
correspondln.g ratio of increase SR Nomr 0.55 043
Quantity | Depth G CPT 1 0.48 -
- 0-3.7m | 3.7-7m | 7-15m Vs 0.46 -
Bef. (Pre- Ngpr 0.6 21.7 20.9 — -
improvement) qc (CPT) | 0.4 100 | 433 Rm=SRiewe S | R | LI0 | L13
Vs 94 192|197 - -
After (Post- Ngpr 35 23.6 25.9 Ve 1'14 19
improvement) qc (CPT) | 1.01 11.8 6.11 . -
Vs 202 212 246
Ratio Nopr 6.3 L1 L4 METHOD PREDICTING RISK OF EMBANKMENT
%CS(CPT) ;; if }‘2‘ FAILURE DURING CONSTRUCTION

Table 3. Measured vertical stresses induced by the surcharge
at ground level.

Device | Location AGy_max-m:
kPa
No r:m (a)
1 1.5 160.00
2 6.5 150.00
3 11.5 130.00

Table 4. Measured settlements induced by preloading

Location Measured
r:m Omaxem - M Opesm - M
(a) (b)
0 0.61 0.51
6.5 0.6 0.48
13 0.5 04
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Proposed method
During application of soil improvement by preloading in the

field, soil stability failure during the construction of the
preload embankment is of considerable concern, especially if
the in-situ soil is soft clay: If the construction rate is too fast,
considerable excess pore pressures can develop and the
undrained soil strength can be mobilized without the increase
due to the consolidation induced by the weight of the
embankment.

Fig. 6a gives a chart relating the approximate normalized
undrained strength for failure in terms of geometry of
embankment and the depth of soft layer (Lambe and Whitman,
1969). Referring to Fig. 6a, the undrained failure strength
equals (su-fail) approximately equals

SUpit ® Ay H (1)

where 7, is the unit weight of the clay layer and the
embankment, H is the height of the embankment and A is a
factor that depends on the height and inclination of the
embankment.



Soft clays are typically normally consolidated. The undrained
soil strength of normally-consolidated soft clay layers,
according to common practice in soil mechanics (Ladd et al,
1977) can be estimated, as a first approximation, as

sur 0.2 ¢'v 2)
where c'v is the in-situ effective vertical stress.

Using equation (1) and (1), it is inferred that the local factor of
safety against failure in terms of time and location can be
obtained from the pore water pressure as

FSei = Ay he/[0.2 6'y.iy ] ® SAych/ (Gv(t-i) -P.i) (3)

where the subscript t indicates variation in terms of time and
the subscript (t-1) indicates variation in terms of location and
time.

Equation (3) provides an estimate of the local factor of safety
versus time of construction in the case that near the surface the
in-situ soil consists of soft clay. When this parameter is near
unity, danger of embankment failure exists. Application of
equation (3) needs pore pressure measurements, while the total
vertical stress can be estimated from solutions of linear
elasticity readily available. It is inferred that installation of
pore pressure transducers to measure the pore pressures is very
important to illustrate risk of failure during preload
embankment construction at soft clay layers.

Evaluation

Referring to Fig. 6a, as in the geometry of the field test
described above, coti=1.5 and D/H=1.5. Thus, the factor A of
equation (1) equals 0.17 and equation (3) becomes

FSt_i ~ 017Ye ht/ [02 G'V(t»i) ] ~ (0.85 Ye ht / (Gv(t-i) 'Pt-i ) (4)

where the subscript t indicates variation in terms of time and
the subscript (t-i) indicates variation in terms of location and
time.

Equation (3) provides an estimate of the local factor of safety
versus time of construction in the case that near the surface the
in-situ soil consists of soft clay. When this parameter is near
unity, danger of embankment failure exists. Application of
equation (3) needs pore pressure measurements, while the total
vertical stress can be estimated from solutions of linear
elasticity readily available. It is inferred that installation of
pore pressure transducers to measure the pore pressures is very
important to illustrate risk of failure during preload
embankment construction at soft clay layers.

The local factor of safety FSt-i is determined in the locations
of the transducers versus time using equation (5) and (i) the
total vertical stress estimated by linear elasticity in terms of ht
and (b) the measured pore water pressure at the locations of
the transducers at the upper clay layer and presented in Fig.
6b. Fig. 6¢ gives the corresponding vertical effective stress.
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From Fig. 1b it can be observed that FSt-i (a) has a minimum
value in all piezometer locations at the time of failure (or
t=18days) and (b) at the piezometers at depths 2.5 and 2.8m is
less than or equal to unity. The above illustrate that the
measured excess pore pressures are consistent with the failure
of the embankment that occurred on day 18. It should be noted
that the undrained soil strength predicted by equation (2) and
used in equation (3) is also in general agreement with the
undrained strength of the upper clay measured in samples
retrieved from borings in triaxial tests, considering also soil
anisotropy that reduces soil strength by about 15% (Mayne,
1985). Concluding, equation (3) predicts the embankment
failure.

DISCUSSION

The field test data presented above can be used to evaluate the
accuracy of methods that have been proposed predicting the
increase of shear wave velocity and liquefaction cyclic
strength with preloading, described in the introduction. In
addition, they can be used to correlate the measured increase
in density and horizontal stress to the increase of shear wave
velocity and liquefaction cyclic strength with preloading.
However, these are beyond the scope of the present paper

CONCLUSIONS

An elaborate field study of soil improvement by preloading
that was recently performed is described. The site consisted of
(a) a soft clay layer to depth of 3.5m, (b) a medium-dense silty
sand layer at depths 3.5-7m and (c) a soft silt layer below.
Preloading was applied by a temporary embankment 9m high.
A partial embankment failure occurred during the preloading
process. Preloading caused settlement of about 0.6m with
vertical strain ranging from 10% at depths above 3.5m to 1%
below. The increase in lateral stress ratio as a result of the
preloading process varies between 0.9 and 0.1. The large value
corresponds to depths 0-3.7m. As a result of preloading the
shear wave velocity increased from a factor of about 2 to a
factor of about 1.1. The large value corresponds to depths 0-
3.7m. The cyclic liquefaction strength of a silty sand layer at
depth 3.7-7m increased from 0.39-0.50 to 0.46-0.55, or by
about 10%. In addition the cyclic liquefaction strength of a
non-plastic silt layer at depth 7-15m increased from 0.38 to
0.43, or by about 13%.

The paper also presents and verifies method predicting failure
during the construction of the preload embankment based on
excess pore pressure measurements is proposed and verified.

ACKNOWLEDGEMENT

The work is funded by the Seventh Framework Programme of
the European Community, European Commission Research
Executive Agency under grant agreement FP7-SME-2010-1-



262161-PREMISERI. Prof. Modaressi and Dr Lopez-
Caballero assisted on the interpretation of the field test.

(a)

angle |

53° 30° 15° 10° F Coo 3
0.20 —- - .
tor coti <0.75 critical
arc passes entirely
through the embankment

0 20 40 60 80 100 120
Days from start

——d=2.8m, r=1.5m - d=3m, r=6.5m =———d=-2.5m, r=16.5m

(b2)

10.0

0 20 40 60 80 100 120

Days from start

——d=2.8m, r=1.5m - d=3m, r=6.5m ——d=2.5m, r=16.5m

Fig. 6. (a) Stability chart giving the undrained soil strength
for embankment failure (Lambe and Whitman, 1969), (b).
Porto Romano field test. Effective stress and factor of safety
versus time considering the measured pore pressures and
using eq. (4).
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